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ABSTRACT

The J-integral is being investigated as a method of characterizing the
elastic plastic toughness level of structural materials used in advanced fast
reactors. J is defined in an introductory sense, and several approximate
methods for its evaluation on the basis of a single specimen test are high-
lighted. Initial J evaluations are presented for irradiated 304 stainless steel
in the annealed and cold-worked conditions and for 308 stainless steel weld
deposit. Results indicate that cold-worked material will exhibit a significantly
lower toughness than the annealed material in both irradiated and unirradi-
ated conditions. Radiation significantly degrades the toughness of the an-
nealed material while showing relatively little effect on the cold-worked
specimens. The toughness of the unirradiated weld deposit is shown to be
significantly less than that of the unirradiated plate. Finally, practical dif-
ficulties relating to a meaningful interpretation of the observed behavior are
discussed as areas where current research efforts should be directed.
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J-INTEGRAL CHARACTERIZATION OF IRRADIATED STAINLESS STEELS

INTRODUCTION

Austenitic stainless steels (SS) are employed as structural materials for the current
generation of liquid metal fast breeder reactors (LMFBR). These steels normally exhibit
ductile or fully plastic behavior in the annealed condition. However, the initial properties
can be degraded due to mechanical working (cold work) and other environmental condi-
tions inherent to reactor operation, e.g., irradiation, high-temperature-induced creep, and
incompatibility with the liquid metal reactor coolant. These conditions, alone or in com-
bination, can lead to embrittlement of the steel. An example of this type of toughness
degradation is provided by the failure of a 304 SS control rod thimble taken from the
EBR-I reactor (1). The highly irradiated (1.7 X 1023 n/cm2 > 0.1 MeV) thimble frac-
tured as a result of an inadvertent bending during a hot-cell machining operation, and
several pieces of metal were expelled.

In the event of toughness degradation due to the processes mentioned above, the
possibility of fracture becomes a necessary consideration. Consequently, the toughness of
the material must be characterized in terms of a critical flaw size vs stress level relation-
ship that can be (a) integrated into the structural design relationships, and (b) used to
provide fracture-safe assurance during reactor operation.

An analytical description of the critical flaw size vs stress level interaction has been
highly developed for materials whose toughness falls into the linear elastic or brittle re-
gime, i.e., linear elastic fracture mechanics (LEFM). However, it is expected that the
toughness of irradiated SS will not be so severely degraded such that LEFM techniques
are applicable. Instead it is anticipated that elastic plastic conditions will prevail. Unfor-
tunately, an analytical description of the fracture behavior for this regime, similar to that
available for the linear elastic regime, is extremely complex. This stems from the large
degree of plasticity in the vicinity of the flaw which causes the metal to exhibit a non-
linear behavior. Several advanced procedures are being considered to analyze the elastic
plastic regime. Of these the J integral appears to offer the most attractive possibilities
for a near-term engineering solution in this area.

An introductory description of the J integral, including approximation techniques
for its evaluation, is presented here. This procedure has been applied to evolve the first
assessments of irradiated 304 SS in the cold-worked (CW) and annealed conditions. Fi-
nally, the practical difficulties relating to a meaningful interpretation of the observed
behavior are highlighted as areas where current research efforts should be directed.

DEFINITION OF THE J INTEGRAL

It is anticipated that the J integral formulated by Rice (2,3) can be used to define a
material toughness property or failure criterion for use in predicting a critical flaw size vs
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stress level relationship for a structure in the same sense in which Kic is used in LEFM.
Contrary to the requirement of elastic behavior imposed on K1c, the J integral may be
used in the elastic plastic and fully plastic regimes in addition to the linear elastic regime.
This concept has a firm anchor in the linear elastic regime, and the critical J, or J, re-
duces to 45 in the limiting case of brittle materials. Like LEFM, the J integral provides a
means for defining fracture initiation. The method is presently developed only for two
dimensions (that is, plane strain or plane stress), and J refers to the crack opening mode
or mode I. Currently the J integral is considered a mathematical concept, and research
programs are in progress to evaluate its usefulness for application to real materials.

The J-integral method addresses the elastic plastic problem from a fresh viewpoint.
It is known that the chief source of difficulty in an elastic plastic analysis lies in de-
scribing the material behavior in the crack tip vicinity. First, the J integral provides a
means of characterizing this area without focusing attention directly at the crack tip. This
is accomplished by expressing the average crack-tip elastic plastic field in terms of defor-
mation energy. Second, the J integral can be evaluated in a straightforward manner from
any of the numerous fracture specimens in current use. The scenario for the practical
application of J is as follows.

* Determine the critical J value for fracture initiation in a laboratory specimen.

* Compute the value of applied J in an actual structure where the material properties
and flaw sizes are known. The computation is simplified in that the complex analysis of
the material behavior at the crack tip is circumvented.

* Compare the calculated value of applied J with the measured critical J determined
from the laboratory specimen. The degree of safety from fracture initiation is then based
on the fact that Jc is a material property, albeit yet to be demonstrated. Thus instability
is predicted when the applied J equals J.

In general terms, J is based on the energy associated with the deformation within an
arbitrary two-dimensional region of uniform thickness surrounding the crack tip. It is
important to note that this area is truly arbitrary and thereby can be chosen to avoid the
difficult problem of modeling the crack tip behavior. Indeed, when J is determined ex-
perimentally, this area is extended to the specimen boundaries. The average deformations
within this area are expressed in terms of potential energy PE per unit thickness, i.e.,
units of in.lb/in. Specifically, the J integral is the negative rate of change of this potential
energy with respect to crack extension. In equational form,

j _ dPE (1)
da

where a is the crack length and J has the units of in.lb/in. 2 . For a brittle material this
quantity can be physically interpreted as the energy that is available for further crack
extension; it is the crack driving force d that is well known from LEFM theory.

Unfortunately, this physical interpretation of J cannot be similarly related to crack
extension for elastic plastic materials. This stems from the added requirement to consider
plastic deformations for these materials and the fact that these deformations are not re-
versible.* The requirement of reversibility as applied to crack extension when interpreting

*It must be remembered that reversibility refers to elastic behavior and should not be confused with non-
linearity. In fact, deformation processes in nonlinear elastic materials are considered reversible.
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the energy associated with the J integral is expressed in the following manner. For re-
versibility to apply, one must demonstrate that the same result is obtained both by (a)
loading a cracked body and then permitting an incremental crack extension, or (b) ex-
tending the crack and then loading the body. This equality cannot be shown for plastic
(nonlinear) deformations. Consequently, the J integral cannot be directly related to crack
extension in the sense of a crack driving force A, as is the case for linear elastic materials.
The physical significance of J for elastic plastic materials must therefore be considered as
that of an energy comparison of two similar bodies, loaded in the same manner and
having incrementally differing crack sizes. J can also be considered as a measure of the
shape of the elastic plastic field at the crack tip. The object of current research is to show
to what extent this method of assessment of the elastic plastic field is a property of the
material.

Specifically, the J integral is defined by the equation

J r [Wdy-T ads], (2)

where W is the strain energy density (in.lb/in. 3), T is a surface traction (lb/in. 2 ), and u is
a deflection (in.) (Ref. 3). This equation refers to the potential energy difference between
two similar bodies having identical cracks that differ only in the incremental sense (Fig. 1).
The path of integration is around the notch tip and defines the surface of boundary S
over which the J integral is calculated.

EVALUATION OF J (COMPLIANCE METHOD)

Since J is expressed in terms of PE (Eq. (1)), it is necessary to measure only this
quantity to evaluate J experimentally. The experimental curve of PE as a function of
crack length a for identical specimens of varying crack length can then be differentiated
to get dPE/da, and hence J. The compliance method of accomplishing this is explained
below (see Fig. 2).

1. A series of identical specimens is obtained with slightly differing crack lengths a,
a2, a.

2. A load (P) vs deflection () trace is obtained for each specimen.

3. The area under the P vs trace for each specimen up to an arbitrary deflection
61 is the PE for that specimen deflection.

4. Other values of PE (as in step 3) are determined for different arbitrary deflections
61, 2, 3, from the original P vs 6 traces.

5. A plot is made of PE vs crack length with the deflection as the parameter.

6. Finally, the slopes of the curves in step 5 at a given crack length are plotted vs
deflection. Note that the slope is the negative of J (Eq. (1)).

7. The plot evolved in step 6 is used to determine the critical J for a new specimen,
provided one knows the values of and a at instability.

3
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. = PATH OF INTEGRATION

J J[W dy- T d ds]

j = _ d(PE)

Fig. 1 - The J integral, defined by the above equation,
may be interpreted as the potential energy PE difference
between two identical bodies having incrementally dif-
fering crack lengths.

J-INTEGRAL ESTIMATION PROCEDURES

The compliance method of evaluating J requires several specimens. In the case of
irradiated material, which is usually in short supply, it is advantageous to employ one of
several estimation techniques that require only one specimen. In this respect three esti-
mation techniques, described below, have been used to evaluate 304 SS material.

Estimation Method 1

The first method was devised by Bucci and coworkers (4) and consists of estimating
as opposed to directly measuring the load vs deflection curves for a series of identical
specimens having different crack lengths. This estimation is based on the results of only
one specimen test. Thereafter the procedure follows the outline for the compliance cal-
ibration method illustrated in Fig. 2 using only one specimen. Bucci and Coauthors have
successfully predicted the same curves of J vs specimen deflection that were obtained by
Begley and Landes (5) with the compliance procedure requiring several specimens.

4
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LOAD P

DEFLECTION 8
CRACK LENGTH a p

a.

E PE

PE

d d PE

j d PE 81 8~~d P

da~~~~~~~~~~~~~~~

Fig. 2 - The J integral is readily evaluated experimentally from the load vs de-
flection curves (top right) of specimens having slightly differing notch lengths.
Plotting the potential energy from these curves and differentiating graphically
(left center) yields the compliance calibration curves (lower right). The value
of J at the instant of crack instability is determined from these compliance curves
using the critical values of deflection and crack length.

The estimation procedure for evolving the specimen load (P) vs midspan deflection
(6) curve for a three-point bend specimen is illustrated in Fig. 3. For linear elastic ma-
terials a family of straight lines through the origin is obtained for different crack lengths,
a and (a + da). For a rigid plastic material, the P vs curves are horizontal at a value of
plastic limit load PL for the given crack length specimen.* The remainder of the P vs 6

*With an actual specimen, however, fracture or slow tearing can prevent a specimen from reaching the
limit load predicted on the basis of the original crack length. This is usually minimized by rounding
the notch tip radius in a calibration test.

5
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curve between the linear portion at the origin and the limit load is approximated by a
plastic zone (ry) correction to the linear elastic behavior. Details of the estimation pro-
cedure are described below.

RIGID a ELASTIC

PLASTIC a doIL - - - - -/- - a

PL d PL -a da

P UAL

8 -

Fig. 3 - Estimation procedures for load vs deflection traces.
The linear elastic and rigid plastic values (both dashed) are
connected by ry - corrected curves (solid).

Limit Load - The limit load for a three-point bend bar is taken as

PL= 1.456 t, B (W-a)2,S
(3)

based on a solution for rigid plastic material developed by Green and Hundy (6). In Eq.
(3) t, is the uniaxial tensile strength, and B, S, W, and a are the thickness, span, width,
and crack length, respectively. In theory the limit load could be calculated from Eq. (3)
without a specimen test. However, some uncertainty exists in the degree of work hard-
ening which should be factored into the equation through the choices of ts and the
1.456 factor. Consequently, the measured limit load from an actual specimen that ex-
hibits no slow tearing prior to limit load provides a better means of determining the con-
stant in Eq. (3).

Linear Elastic Portion - The linear elastic portion of the P vs curves may be cal-
culated from the following expression derived by Bucci and Coauthors (4):

-5-= 0.24 [ 10 4 + 3.28 (1+v)(_)2} + 2 c(W) (\)H(W) (4)
P \W L W \W \W

6



NRL REPORT 7565

where E and v are Young's modulus and Poisson's ratio, respectively, and c = 1 for plane
stress and (1-v 2 ) for plane strain. The function H(a/W) is given as

Ha)= 4.21 a) - 8.89-)2 + 36 .9 K) - 8 3.6(a) + 174 .3-)
VW kW \W W W \W

(5)
-284.8 ()6 + 387.6(a)7 - 322.8(a)8 + 149.8( )9

P / \W) /W W/

Plastic Zone Corrected Curve - The plastic zone correction yields an estimated P vs
6 curve in the regime between the linear elastic portion (Eq. (4)) and the limit load por-
tion (Eq. (3)). An effective aW is defined as

(a) =(o) + K (K2(6

where

ao is the original crack length and the second term is the conventional expression
for plastic zone ry

ay. is the uniaxial yield stress
y = 2 for plane stress and 6 for plane strain. For a three-point bend bar an equation

for K has been derived by Brown and Srawley (7) as

B W3 /2 (W)

where*

Fa= 2 9 )1/2 _ 4.6 ( 3/2 + 21.8 (a)5/2 - 37.6 (a)712 + 38.7 ()9/2. (8)

Choosing a value of P, an (a/W)eff can be calculated from Eq. (6) via Eq. (7). Combining
(a/W)eff with Eq. (4) gives a new value of EB6/P which has now been plastically adjusted.

Formulation of J vs Curve - The final curves of J vs are obtained as follows:

1. Plot the linear elastic regime using the expression

[F (a1)]2 (S_

W3E B

X 1(9)

- (N 3 [104 + 3.28 (1 + v) 2 /S\ 2 a H
I BE W ()2 BE' vW / W W

*The coefficients in Eq. (8) apply only for S/W = 4.0. However, a negligible error is introduced when
applying this expression for S/W = 4.6 which is the value used in the experimental program to be
described.

7
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where E' = E for plane stress and E/(1 - 2) for plane strain. Equation (9) is a combina-
tion of Eqs. (4), (7), (8), and the fact that J = = K2 /E' for linear elastic material. (Note
that Eq. (9) is a parabolic function of .)

2. Determine the ry - corrected portion of the J vs curves starting with the esti-
mated P vs curves and then proceeding with the outline of Fig. 2.

3. Derive the rigid plastic portion of the J vs curves, noting that the potential
energy per unit thickness PE is simply PL6/B. Using this value of PE in Eq. (1) and ex-
pressing PL with Eq. (3) yields

J = 2.912 ats - (W - a). (10)
S

Observe that Eq. (10) for the rigid plastic material passes through the origin of the J vs 6
plot. The actual J vs 6 curves for the rigid plastic regime are approximated by maintaining
the slope of Eq. (10) and offsetting this linear portion so that it is tangent to the r -

corrected curves in step 2.*

Estimation Method 2

This method and Method 3 are based on work by Rice and others (8) and apply to
a deeply notched beam in pure bending. Method 2 is based on an expression of K for a
beam in bending as derived by Wilson (9):

K 4M ~~~~~~~~~~(11)

(W - a)3 /2 B'

where M is the bending moment.

Incorporating Eq. (11) with Castigliano's theorem, a plastic zone correction, and a
theorem of Rice's which relates J to the bending moment, it is possible to derive the fol-
lowing expression for J which is valid for loads less than the plastic limit load:

J -- P5 1- D2 tp_2 (12)
B(W-a) I VPLJ J

where P and are the respective load and deflection at instability, PL is the plastic limit
load, and D2 is an experimentally derived constant whose value is approximately 0.35
(8). The advantages of this method are (a) J can be calculated in a simpler fashion than
with Method 1 since the P vs 6 curves for specimens of various aW ratios are not re-
quired and (b) J can be determined from a single point on the P vs 6 trace without com-
puting the potential energy, i.e., area under this curve.

Estimation Method 3

This procedure (8) is based directly on Rice's theorem, which relates the bending
moment and the angle of rotation of the notched beam using dimensional analysis and the
equation for J:

*See Fig. 5.

8



NRL REPORT 7565

i Jo ( t)m dM7 (I13)

where M is the bending moment and tot is the total angle of rotation. From this Rice
has shown that

2A

B( W-a)'

where A is the area under a load vs deflection trace for a notched beam up to the point
of crack instability.

For application of estimation methods 2 and 3 to bend tests, the deflection values
used should eliminate the component of load point displacement which would be present
for an unnotched beam of the same dimensions. This deflection may be obtained from
the first term of Eq. (4) when the unnotched beam remains elastic under the imposed
load. For cases of deeply notched beams, the unnotched deflection is usually small com-
pared to the total deflection. Hence, the raw P vs curve may be used without a large
error. The latter course was adopted in the experimental evaluation of J to be described.

EXPERIMENTAL DETERMINATION OF J FOR 304 SS

Materials and Test Procedures

To evaluate J for LMFBR structural materials, a program has been undertaken that
focuses on the use of three-point bend specimens. In the case of 304 SS, these specimens
were cut from a 1-in. plate that had received 25 percent CW. (See Table 1 for (1) me-
chanical properties and (2) chemistry.) Most specimens were fatigue cracked at a K
level of 20 ksi in. using zero-tension-zero loading. A portion of these was then solution an-
nealed at 19000F (1038 0C) for 30 min. The material in both conditions was irradiated in
the Advanced Test Reactor at a temperature of 525-5450 F (274-2850 C) and received a
fluence of 5.27 X 1020 n/cm2 > 1 MeV (fission) or 1.08 X 1021 n/cm2 > 0.1 MeV (cal-
culated).* Subsequent testing was performed at 5500F (2880 C). Compression plugs
0.197 in. square by 0.433 in. long for flow properties were irradiated with the specimens.
The evaluation procedure for the flow properties is given in Ref. 10.

The specimens were of Charpy-V dimensions but one-half Charpy-V thickness (width,
W = 0.394 in., thickness, B = 0.197 in., and length, L = 2.165 in.). Testing was performed
"statically" in three-point bend on a Krafft Dynamic Universal Loader using a span S of
1.81 in. The notch consisted of a 1/32-in. slot terminating in a 30-degree included angle;
this was followed by a fatigue crack of approximately 0.060 in. to give an aW ratio of
0.3, where a is the total notch length. The specimens were heated using an induction
coil. The midspan deflection was measured using strain-gauged beams that followed the
motion of the plunger which contacted the specimen at midspan. Load vs deflection,
P vs , was recorded on an X-Y plotter.

*This irradiation exposure represents an initial J-integral investigation of stainless steels. The relatively
low fluence and low irradiation temperature encompass the lower bound of conditions expected in an
LMFBR, while at the same time they represent the conditions normally expected in a water reactor.

9
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Table 1

Chemical Composition and Mechanical Properties

Type Composition, Weight Percent
of

Material C Mn P S Si Ni Cr Mo Co Ta

304 SS Plate 0.050 1.48 0.028 0.016 0.53 9.53 18.57 0.7 - -

308 S/A Weld 0.030 1.60 0.021 0.010 0.68 9.7 21.0 0.2 - -

Mechanical Properties

Unirrad. Irrad. Unirrad. Irrad.
Annealed Annealed Cold Worked Cold Worked

304 SS Plate

Temp. F RT 550 1000 550* RT 550 1100 RT 550 1100

YS (ksi) 30 16.8 14 65 109 88.5 68.8 126.2 116.1 82.3

TS (ksi) 81.8 54.4 48 83 117 93.9 68.8 132.2 116.1 84.1

308 S/A Weld (Unirrad.)

Temp. °F RT 1000

YS (ksi) 66 44

TS (ksi) 107 60

*Estimated

Results for Annealed 304 SS Plate

The P vs 6 record for an irradiated 304 SS specimen in the annealed condition is
shown in Fig. 4. Also presented are (a) the predicted P vs 6 curves using plane strain
and plane stress ry corrections according to Method 1, and (b) the predicted limit load
as obtained from Eq. (3). This specimen exhibited stable tearing throughout. Judging
from the divergence of the predicted and actual curves and the failure to reach the pre-
dicted limit load, this stable tearing commenced before maximum load was attained in
the specimen; however, techniques for specific observation of this slow growth have not
yet been implemented. An approximation of the amount of slow growth before maximum
load Pmax can be made by solving Eq. (3) using the measured initial crack length (0.133
in.), the actual limit load, and the known ats. This procedure suggests a slow growth of
0.025 in. at Pmax A duplicate specimen having a somewhat longer fatigue crack indi-
cated a slow growth of 0.020 in. The applicability of Eq. (3) to stainless steel, however,
must be confirmed, specifically the use of atS as opposed to ay, and the value of the
constant.

Figure 5 illustrates the curves of J vs 6 that were estimated for plane strain condi-
tions according to Method 1. (A similar set of curves for a plane stress ry correction is
presented in Fig. 6.) These curves were calculated for a1W ratios of 0.3, 0.4, and 0.5.

10
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The actual specimen had an initial aW of 0.338 as assessed from the fatigue crack
length of the broken specimen. If 0.025 in. of slow growth occurred up to Pma X then
the value of a1W at this load would have been 0.401.

800

-' 600

15 20 25
MID SPAN DEFLECTION (ils)

Fig. 5 - Calculated curves of J vs deflection for an annealed 304 SS
specimen irradiated at 5350F (279 0C) and tested at 550'F (2880C).
A plane strain ry correction was used.

15 20 25
MID SPAN DEFLECTION (mils)

Fig. 6 - Calculated curves of J vs deflection using a plane stress ry
correction. The specimen is the same one defined in Fig. 5.

12
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Since it was not possible to ascertain the load P at which slow growth began, this
load was approximated as the value where the actual curve in Fig. 4 crossed the plane-
stress-corrected curve, 0.007 in. This estimation results in a PlPmnax ratio of 0.85 and is
in agreement with visual observation of slow growth at a similar value of P!Pmax on un-
irradiated specimens having machined notches (described later). Using the value of 0.007-
in. deflection in Figs. 5 and 6 gives J values of 82 and 75 in.lb/in. 2 for plane strain and
plane stress conditions, respectively. It is not known which condition actually prevailed
in the specimen, and indeed this condition may change throughout the test. The test rec-
ord in Fig. 4 follows the plane strain curve, No. 2, more closely than the plane stress
curve, No. 3. Note that a plane strain criterion suggested by Begley and Landes (5), B >
50 J/ry,, would require a B > 0.063 in. as contrasted to the actual value of 0.197 in.

It is important to note the sensitivity of the J value to the specimen deflection. If,
for example, J were estimated from Fig. 4 at the deflection of 0.035 in. corresponding to
maximum load, a value of 960 and 880 in.lb/in. 2 would be obtained from Figs. 5 and 6
for plane strain and plane stress, respectively. This assumes an aW = 0.401 after 0.025
in. slow growth. For a duplicate specimen, a smaller J value of 600-530 in.lb/in.2 was
determined at maximum load using a deflection of 0.023 in. This lower value of J is
apparently the result of specimen material variation and the sensitivity of J to the value
of deflection used in the evaluation. It is therefore readily apparent that any amount of
slow stable growth that is permitted in J evaluations will have a significant bearing on the
final calculated value of J.

A comparison of the three estimation procedures for calculating J is presented in
Table 2. Good agreement is shown between Methods 1 and 3 at maximum load, with
Method 2 giving somewhat lower values for this specimen.

Results for Cold-Worked Material

The P vs record for an irradiated, 25-percent cold-worked 304 SS specimen is il-
lustrated in Fig. 7. The specimen exhibited a distinctly different behavior from the an-
nealed material described above. The P vs record was fairly linear up to the maximum
load with an indication of unstable growth popin near the maximum load. Linearity,
however, was insufficient to determine a valid K1c. After maximum load the record
showed sharp drops in load with little change in deflection, also indicative of unstable
crack growth. It should also be noted that the ratio of yield to tensile strength is unity
for this material in the irradiated condition as compared to approximately 0.4 for the an-
nealed material (Table 1). The work-hardening coefficient n bears out these trends; i.e.,
n is small for CW material, typically 0.03 to 0.06, values values of n from 0.3 to 0.6 for
annealed, unirradiated material. Which is to say, n for the annealed material is an order
of magnitude larger than for the CW material (10).

A set of estimated J curves, similar to those in Figs. 5 and 6, was used to determine
J for this specimen. Choosing a deflection of 0.011 in., corresponding to the distinct
deviation from the calculated plane stress curve, the J values are 215 and 190 in.lb/in.2

for plane strain and plane stress, respectively. At a deflection of 0.014 in. corresponding
to Pm ax. the J values are 340 to 310 in.lb/in.2 for plane strain and plane stress. The
slow growth is estimated to be 0.030 in. for this specimen at Pmax. As with the annealed
specimens, this growth was determined from Eq. (3), assuming the deviation of Pm ax
from the predicted limit load to be caused by slow tearing or popin for this specimen. A

13



LOSS AND GRAY, JR.

C CD0 c

000 
x L oo m H~~~c c' , -

(a) cc r

cq
0

4-~ CD O to 0
CZ C l ro ~- 

Cl~~~~~~~~~1 
0 't : CDN N rs OL

t %4 m t ~ o cq C1 - - -t L o ri t- '

co 

S~~~~~~~~0 LoC -J -t CD L- (sS Cy M. .m C- t- 0 0 ' CD -

Co _0~~~~~~~~~~~~~~~~~~~~~~~~~~~~.
~~Z5 -- cl C'l - in Iz

E .-C CD - o 0 oo-4CD CD
4wo rZ ;4 4 ;4 :X 4 X4 v 4 P, P.

z

-.)

Cl C) C Cl CD Cl L6 C9 L6 L6 tD L 
;4 4 P. r 9L ;4 ; 4 -4 -4 - 4C

C's

--

0

o Q)

cH S

c- 0

o x

C-

~C) C.)

,0 a,

0,0,~~

cq 1

CID C)

^ ._ ._

.4-;
l 

o o

O ._

o C)

r ,^ S O~~~~~~~~~~~~C)

mC o CO

C)) 0,r* Un 
CQ .; = X Q r~~~~~~C,

I I I I0
cj ¢B 

14

4C

C)

C)

a)

4

0

cc 

N ;D

) 
aj a

E 1
m

u:



NRL REPORT 7565
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Fig. 7 - Comparison of actual and predicted load vs deflection records for a
304 SS specimen irradiated at 535 F (279 0 C). The numbers on the curves
are defined in Fig. 5.

comparison of the estimation techniques for J (Table 2) indicates essential agreement
among the three methods.

If the J value of approximately 200 in.lb/in.2 as determined above is in fact a prop-
erty of the material, then one is able to predict a KIc value for a sufficiently thick speci-
men. For this case, J == (1 - 2) (K2 /E) and K = 76 ksifiin. This value of KI, can
be measured with a specimen of 1-in. thickness, according to ASTM Committee E-24
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recommended procedures. However, the 0.197-in. specimen thickness tested was sufficient
for plane strain according to the Begley-Landes criterion.

Figure 8 presents a comparison of the CW and annealed materials in the irradiated
condition. A physical interpretation of the difference in J values for these two specimens
can be most easily obtained from Eq. (14) (Estimation Method 3). This equation gives J
directly in terms of the area under the P vs trace up to the point of crack instability.
If it is assumed that the maximum load and the corresponding specimen deflection define
the point of crack initiation, then it is apparent that the area up to maximum load for
the annealed material is several times larger than for the CW material; the J value for the
annealed material is therefore proportionately greater than that for the CW steel. Qualita-
tive assessments of the elastic plastic toughness of various materials can thus be directly
obtained from the areas associated with the load vs deflection records.

304 SS LOAD

O2~~~4B

1000 1

750 l ~ \\,g ANNEALED

250 25% OLD WORKED

0
O 00 200 300 400

MIDSPAN DEFLECTION (mils)

Fig. 8- Comparison of load vs deflection records for SS
specimens irradiated at 5350 F (2790 C) to a fluence of
1.08 X 1021 ncm 2 > 0.1 MeV and tested at 5500 F
(2880C).

COMPARISON OF IRRADIATED AND UNIRRADIATED 304 SS

P vs 6 traces for irradiated and unirradiated steels are presented in Figs. 9 and 10 for CW
and annealed 304 SS, respectively. The results in Fig. 9 show the CW material to exhibit
essentially the same behavior up to Pm ax, On the basis of Pm ax the J values by Method
3 are 325 and 366 in.lb/in.2 for the unirradiated and irradiated material, respectively
(Table 2). This comparison suggests that the major degradation in J, in comparison to
the annealed material for this fluence, is due to the process of CW; irradiation resulted in
little additional toughness degradation.

The comparison of irradiated and unirradiated annealed 304 SS (Fig. 10) indicates
that irradiation results in a reduction by a factor of four in the deflection to Pmax, The
consequent reduction in J at Pmax by Method 1 is from 2412 to 894 in.lb/in.2 (Table 2).
In certain structural applications the load-bearing capability must be based on Pmax,

16
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MID SPAN DEFLECTION (mils)

Fig. 9 - Comparison of load vs deflection traces for 25 percent cold-worked SS
irradiated at 5350 F (279 0 C) with the unirradiated material. The results show es-
sentially the same behavior up to maximum load.

Structural members that cannot transfer load as a result of deformation (e.g., a pressure
vessel) may be generally considered failed after reaching Pmax* In this sense irradiation
can have a severe detrimental effect on the strain tolerance of 304 SS in the annealed
condition. As pointed out previously, however, the annealed material appears to be of
significantly higher toughness than the CW 304 SS.

COMPARISON OF UNIRRADIATED 304 SS WELDMENTS

Figure 11 presents a room-temperature comparison of load vs deflection records for
308 SS submerged-arc weld deposit* and 304 SS plate. An elevated test temperature of

*See Table 1 for mechanical properties and chemistry.
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MID SPAN DEFLECTION (mils)

Fig. 10 - Comparison of load vs deflection traces for annealed SS
irradiated at 5350 F (2790 C) with the unirradiated material. Ir-
radiation produces a marked decrease in the specimen deflection
and J value at maximum load.

10000F (5380C) was chosen as representative of actual temperatures in an LMFBR. The
specimens are of the same geometry previously described (SIW = 4.6, aW = 0.3) but have
machined notches. The notch tip was sharpened by pressing in a knife edge to a depth
of approximately 0.003 in. These results illustrate that the weld metal exhibits a much
smaller deflection and energy to maximum load than does the plate. Therefore, the
values of J calculated on the basis of Pm aX would be significantly less for the weld metal
than for the plate. (See Table 2, Specimen Nos. 7, 8, and 13.) Similar results were ob-
tained for unirradiated specimens tested at 10000F (5380C). (See Table 2, Specimen Nos.
10, 11, and 14.) For the weld metal specimen the elevated temperature did not appre-
ciably change the energy to maximum load compared to the room-temperature test. How-
ever, the plate showed a sharp loss in energy to maximum load, and the J value calculated
on this basis dropped to 25 percent of the room-temperature value (Table 2).

Also indicated in Fig. 11 are the loads at which visual observations were made of slow
crack growth prior to maximum load. This growth commenced near the midthickness
region of the crack and was not observed on the surfaces of the specimen until after
Pmax was achieved. The exact amounts of slow growth were not determined, however.
The computed limit loads using ut, and Eq. (3) are likewise indicated on the figure.
Equation (3) underestimates the observed limit loads by approximately 10 percent if no
stable growth is assumed. Since some slow growth did actually take place, the measured
limit load was less than that which would have been observed if there had been no slow
growth; thus Eq. (3) would have underestimated the limit loads by an even larger percent-
age. This points out the need for further refinement in the applicability of Eq. (3) for
stainless steels.
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Figure 11 shows the weld metal to absorb less total energy than the plate. This fact
is consistent with the observation of Hawthorne (11) that the measured Charpy-V and
dynamic tear energy absorption of the weld was significantly less (- one-half) than that of
the plate at temperatures up to 9000 F (4820 C). The results in Fig. 11 confirm this obser-
vation and show the ratio of total energy for the plate and weld to be 0.47 based on RW
(longitudinal specimen orientation) plate energy and 0.37 based on WR (transverse speci-
men orientation) plate energy. However, the ratio of energy to maximum load for plate
and weld defines an even greater degradation of weld performance as compared to the
plate. Specifically, the ratio of energy to maximum load for the plate and weld is 0.2
based on RW plate energy and 0.15 based on WR plate energy. These results also suggest
that energy to maximum load may be a more discriminating indicator of toughness than
is total energy.

SUMMARY

Austenitic stainless steels that are used as structural materials in LMFBR reactor
systems can become embrittled due to the service environment. This embrittlement may
not be so severe as to result in linear elastic behavior that can be treated with classical
fracture mechanics. Instead the toughness is expected to fall into the elastic plastic regime
where a quantitative description of the critical flaw size vs stress level in terms of tough-
ness is not generally available. The J integral is one method that is being considered to
provide an approximate engineering solution over the near term in this area.

The advantage of the J-integral approach rests in the capability of bypassing the
difficult notch-tip analysis which is required by other elastic plastic approaches. J can
also be evaluated experimentally for different materials in a straightforward manner from
the load vs deflection trace of a cracked specimen. As currently defined, however, the J
integral is a mathematical approach and its usefulness as an engineering tool must be
evaluated.

The practical application of J will be enhanced if it can be shown that this quantity
is substantially identical for different flawed geometries. This fact will lend credibility to
predictions of instability for structures of arbitrary geometry on the basis of a standard
laboratory test. An optimistic assessment of this area has been noted through recent J-
integral experiments by Landes and Begley (12) using A533-B and Ni-Cr-Mo-V rotor
steels. These experiments indicated a constant value for J, for specimens of different
thickness and crack length, even though some of the specimens were of sufficient thick-
ness to give valid KI, values whereas others were thin enough to result in fully plastic
behavior.

Begley and Landes further suggested that the critical conditions for their materials
in the elastic plastic regime may be controlled by an overriding singularity at the notch
tip, as is the case of linear elastic materials. Verification of this fact would tend to
minimize the effect of geometry and permit the emergence of J as a powerful technique
with which to evolve fracture safety criteria. However, it would be premature to assume
that the suggested geometry independence holds for all materials and all toughness levels.
The required research will determine to what level of toughness the concepts of notch
singularity and geometry independence apply. The final assessment of J must include
structural element prototype tests that model the salient features of the structure.
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It has been demonstrated here that the application of the J integral is complicated by
the phenomenon of the slow stable crack exhibited by metals in the elastic plastic and

fully plastic conditions. This stable process generally begins before maximum load is at-

tained in a specimen. Slow stable growth is undesirable only from the aspect of modeling

the material behavior; a limited degree of slow stable growth does not necessarily have a

detrimental effect on structural integrity. The derivation of the J integral does not permit

the material to be unloaded because of the irreversibility of plastic deformations discussed

previously. Unloading will result when the stresses sustained by material close to the crack

are relaxed if the crack front extends in a stable manner. The relevance of this behavior

to the applicability of J as a failure criterion can only be assessed through further experi-

mental investigations. From a practical viewpoint a standardized evaluation procedure

must be developed that permits a certain amount of slow stable growth.

Finally, it should be recalled that J is defined mathematically only for two-dimen-

sional behavior (i.e., plane strain or plane stress). The definition of maximum constraint

corresponding to plane strain must be developed experimentally in the same sense that

ASTM Committee E-24 has set the thickness limit as B 2.5 (Kclays) 2 for linear elastic

behavior.

J values for irradiated 304 SS have been calculated using three different approximate

techniques that each require only a single specimen test. Method 3 can be most easily

understood in terms of specimen behavior. With this method J is simply proportional to

the area under a load vs deflection trace for a bend specimen. Furthermore, the benefits

of maximizing the deflection up to the point of crack initiation are easily visualized in

terms of J. With this method the importance of choosing the proper specimen deflection

with which to evaluate J also becomes apparent. For example, the J value computed at

the deflection corresponding to maximum load can be quite different from J computed

at a somewhat lower load and smaller deflection corresponding to crack initiation. Over

the near term, it is expected that the resolution of this area of uncertainty will require

the greatest portion of the J-integral research effort.

Comparison of J values for stainless steel in this report have been based, for the most

part, on the condition corresponding to maximum load. With this criterion it appears

that the toughness of 304 SS in the 25-percent CW condition is significantly below that

of the material in the annealed condition, almost to the point of being linear elastic. Ir-

radiation at the fluence level of 1 X 1021 n/cm2 > 0.1 MeV changed the J values of the

CW material very little from the unirradiated condition, whereas a fourfold reduction was

noted for the irradiated, annealed material in comparison to the unirradiated, annealed

material. The data also indicate that the unirradiated weld metal is of lower toughness

than the annealed plate. Results from Charpy-V and dynamic tear testing of irradiated

weld metal suggest that this trend of a lower J value for weld metal will continue to the

irradiated condition. It is apparent that the weld metal could be the weak link in the

fracture-safe assurance of an LMFBR system.

The conclusions described here pertain to an initial assessment of the J-integral ap-

proach to stainless steels. Additional work is underway to expand the range of fluences

to higher levels and to consider the effects of different specimen geometry on J.
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